P2X receptors are ATP-gated cation channels that are widely expressed in the brain. The extracellular domains of all seven P2X receptors contain 10 conserved cysteines, which could form disulfide bonds or binding sites for transition metals that modulate P2X receptors. To test whether these cysteines are critical for receptor function, we studied wild-type rat P2X 2 receptors and 10 mutant P2X 2 receptors, each containing an alanine substituted for a cysteine. Nine mutants were functional but had reduced maximum currents compared with wild-type P2X 2 expressed in either Xenopus oocytes or human embryonic kidney (HEK) 293 cells. The 10th mutant (C224A) did not respond to ATP when expressed in oocytes and gave very small currents in HEK 293 cells. Seven mutants (C113A, C124A, C130A, C147A, C158A, C164A, and C214A) showed rightward shifts (9-to 30-fold) in their ATP concentrationresponse relationships and very little potentiation by zinc. In contrast, C258A and C267A had EC 50 values similar to those of wild-type P2X 2 and were potentiated by zinc. Acidic pH potentiated wild-type and all mutant receptor currents. Despite the loss of zinc potentiation in seven mutants, these cysteines are unlikely to be exposed in the zinc-binding site, because [2-(trimethylammonium)ethyl] methanethiosulfonate bromide did not prevent zinc potentiation of wild-type receptor currents. On the basis of correlations in the maximum current, EC 50 , zinc potentiation, and pH potentiation, we suggest that the following cysteine pairs form disulfide bonds: C113-C164, C214-C224, and C258-C267. We also suggest that C124, C130, C147, and C158 form two disulfide bonds, but we are unable to assign specific cysteine pairs to these two bonds.
In both the CNS and peripheral nervous system, ATP acts as a neurotransmitter and causes fast excitatory responses by direct activation of a class of ligand-gated ion channels called P2X receptors (Barnard et al., 1997; Burnstock, 1997 Burnstock, , 1999 Khakh, 2001) . Over the past decade, seven P2X subtypes (P2X 1-7 ) have been cloned from rats, each with homologs in mice and humans (Brake and Julius, 1996; North and Surprenant, 2000) . With the exception of P2X 6 , all subtypes readily form homomeric receptors when expressed in heterologous cells (Lewis et al., 1995; Torres et al., 1998b Torres et al., , 1999 Le et al., 1999; King et al., 2000) and most likely assemble as trimers (Nicke et al., 1998; Stoop et al., 1999) . Each subunit contains two transmembrane domains separated by a large extracellular domain (Newbolt et al., 1998; Torres et al., 1998a) . The extracellular domain contains 10 cysteines conserved in all cloned P2X receptors, but the functional significance of these conserved cysteines is unknown.
These conserved cysteines could form up to five disulfide bonds, which would stabilize the conformation of the receptor (Hansen et al., 1997) . Another common role for cysteines in proteins is the binding of transition metals (Christianson, 1991; Vallee and Falchuk, 1993) . For example, three cysteines in the human skeletal muscle chloride channel are necessary for zinc inhibition (Kurz et al., 1999) . Low concentrations of zinc (Ͻ100 M) potentiate homomeric P2X 2 , P2X 3 , and P2X 4 receptor currents (Seguela et al., 1996; Garcia-Guzman et al., 1997; Le et al., 1998; Miller et al., 1998; Wildman et al., 1998 Wildman et al., , 1999a Xiong et al., 1999; Acuna-Castillo et al., 2000; Zhong et al., 2000) . Thus, some of the conserved cysteines of P2X receptors might be necessary for zinc binding rather than disulfide bond formation.
In this study, we used site-directed mutagenesis to replace each of the conserved cysteines with an alanine to test whether these cysteines are necessary to form functional receptors and for the receptors to respond to zinc. We chose to study homomeric P2X 2 receptors because they exhibit slow desensitization to ATP and are highly potentiated by zinc. Our results suggest that none of the conserved cysteines are directly involved in zinc binding. Furthermore, by assuming that mutating either cysteine of a disulfide bond should produce similar changes in receptor properties, we have been able to make some specific predictions for which cysteine pairs are disulfide bonded.
MATERIALS AND METHODS
Mutagenesis. Rat P2X 2 cDNA in pcDNA1 was obtained from Dr. D. Julius (University of C alifornia, San Francisco, CA) (Brake et al., 1994) . Mutagenic oligonucleotides were obtained from Operon Technologies, Inc. (Alameda, CA) and contained the base changes necessary for a single amino acid substitution and for the introduction or deletion of a restriction enzyme recognition site. Most mutant P2X 2 receptors were made using the Kunkel mutagenesis method (Kunkel, 1985; Kunkel et al., 1987) . Briefly, a uridine-containing P2X 2 template was made by growing the plasmid in BW313 cells in medium supplemented with 0.4 g /ml uridine. These cells were subsequently infected with M13K07 helper phage to make a single-stranded template. Mutagenic oligonucleotides were phosphorylated with T4 polynucleotide kinase, annealed to the single-stranded uridine-containing P2X 2 template, and extended using Sequenase version 2.0 T7 polymerase (United States Biochemicals/Am-ersham, Piscataway, NJ). Transformation of the mutagenic reaction into DH5␣ cells removed uridine-containing DNA. Putative mutants were first screened by restriction enzyme digestion and subsequently confirmed by DNA sequencing (University of Michigan DNA Sequencing Core, Ann Arbor, MI). For some mutations, we used overlap extension by PCR (Ho et al., 1989; Vallejo et al., 1995) . Each mutant is referred to by the original amino acid (one-letter code) followed by the residue number and the substituted amino acid (one-letter code). The oligonucleotides sequences and the diagnostic enzymes introduced or deleted were as follows: C113A, 5Ј-CCTTGGGAACAGCGCCAGAGAGCATG-3Ј (adds HaeII); C124A, 5Ј-CACAGCTCTACCGCGCATTCAGACGACG-3Ј (adds BsMI); C130A, 5Ј-GACGACGACGCCATTGCCGGACAG-3Ј (adds BsaHI); C147A, 5Ј-TGGGATTCGCACAGGTCATGCGGTACCC TATTACCAT-3Ј (adds KpnI); C158A, 5Ј-GACTCCAAGACCGCCGAGGTGTC-3Ј (adds AciI); C164A, 5Ј-GTGTCAGCCTGGGCTCCGGTGGAG-3Ј (adds BsaWI); C214A, 5Ј-CC TCAAGCATGCCACATTTGATCAGGAC -3Ј (adds SphI); C224A, 5Ј-CTCTGACCCATATGCTCCCATCTTCAGG-3Ј (adds NdeI); C224S, 5Ј-C TC TGACCCATACAGTCCAATC TTCAGGC T-3Ј (removes XcmI); C258A, 5Ј-CAACTGGAATGCTGACCTGGACTT-GTC TGA-3Ј (adds BsMI); and C267A, 5Ј-C TGGAC TTGTC T-GAAAGTGAGGCCAACCCCAAATATTC TTTCCGGAGGC -3Ј (removes TfiI).
E xpression of P2X 2 receptors. For most experiments, P2X 2 receptors were expressed in defolliculated stage V-VI Xenopus laevis oocytes. Oocytes were harvested by procedures approved by the University of Michigan Committee on the Use and C are of Vertebrate Animals and have been described in detail previously (Z hou and Hume, 1998) . P2X 2 and mutant receptor RNA were synthesized using the T7 mRNA message machine kit from Ambion (Austin, TX), and 50 nl of RNA (5-100 ng /l) was injected into each oocyte. T wo-electrode voltage-clamp experiments were performed 1-5 d after RNA injection.
For some experiments, we used whole-cell recording of transiently transfected human embryonic kidney (H EK) 293 cells. C ells plated on 60 mm dishes were cotransfected with 1 g of pcDNA3-enhanced green fluorescent protein (EGFP), 3 g of the P2X 2 mutant or wild-type plasmid, and 12 l of LipofectAM I N E (Invitrogen, San Diego, CA), split the following day, and recorded from 1 or 2 d after splitting.
Solutions. Our oocyte external recording solution contained (in mM): 90 NaC l, 1 KC l, 1.3 MgC l 2 , and 10 H EPES, pH 7.5, and our pipette solution contained 3 M KC l and 0.4 M EGTA, pH 7.5. For whole-cell recording from H EK 293 cells, our external solution contained (in mM): 150 NaC l, 2 KC l, 1.5 MgC l 2 , 10 H EPES, and 10 glucose, pH 7.5, and our internal recording solution contained (in mM): 145 C sC l, 1.3 MgC l 2 , 5 K 2 EGTA, 10 H EPES, and 10 glucose, pH 7.5. Disodium ATP (SigmaAldrich, St. L ouis, MO) was dissolved at 100 mM in double-distilled H 2 O, divided into aliquots, and stored at Ϫ20°C for 1-3 months. The 10 mM stock of Z nC l 2 was dissolved in acidic double-distilled H 2 O to prevent precipitation. For recording, ATP stock solutions were diluted in external recording solution with the required zinc and used within 48 hr. To compensate for the chelation of Mg 2ϩ by ATP, we added MgC l 2 to our solutions such that all solutions contained 1 mM free Mg 2ϩ , as determined by the program Bound and Determined (Brooks and Storey, 1992) . After the pH was adjusted to the required level, the ATP concentrations of all solutions were verified by taking spectroscopic measurements at 259 nm. Dithiothreitol (DTT) was obtained from Invitrogen, and solutions were made fresh on the day of recording.
[2-(Trimethylammonium)ethyl] methanethiosul fonate bromide (MTSET) was obtained from Toronto Research Chemicals (Toronto, Ontario, Canada), and MTSET solutions were made within 30 min of use.
Electrophysiolog ical recordings and data anal ysis. P2X 2 and mutant receptors expressed in Xenopus oocytes were investigated by twoelectrode voltage clamp with either an npi T urboTec 3 (npi Electronics, Tamm, Germany) or an Axon Instruments Geneclamp 500B (Axon Instruments, Foster C ity, CA). The holding potential was Ϫ50 mV. The rate of P2X 2 receptor current desensitization is slow and concentration dependent, varies between batches of oocytes, and recovers slowly with a time constant of ϳ4 hr (Z hou et al., 1998) . Thus, obtaining concentration -response relationships for P2X 2 receptors by sequentially applying higher concentrations of ATP to the same oocytes is likely to cause significant accumulation of desensitization. The resulting concentrationresponse relationship will be that for a mixture of desensitized and nondesensitized P2X 2 receptors, which will underestimate the EC 50 , because desensitized receptors have a higher affinity for ATP. To minimize the effects of desensitization on the concentration -response relationship, our strategy was to expose each oocyte to only two concentrations of ATP: a small nondesensitizing concentration of ATP (approximately the EC 10 ), immediately followed by a test concentration of ATP. For each test concentration of ATP, the ratio between these current amplitudes was subsequently averaged among five to seven oocytes (ϳ40 oocytes per construct). The plot of these average ratios was subsequently fitted using the Hill equation. For graphical display, the ratios were renormalized to a maximum response of 100%. This strategy makes no assumption about the recovery rate from desensitization and more accurately represents the response of the nondesensitized receptors. Indeed, the EC 50 we obtained for wild-type P2X 2 using this method was 130% of that obtained by estimating the EC 50 with sequential 30 sec applications of ATP to single oocytes.
Because this protocol does not average the concentration -response relationships of individual oocytes, the EC 50 and Hill coefficient are reported in Table 1 as the mean value and SE of the regression from Sigma Plot 7.0. To test whether the fits to the concentration -response relationships of two constructs were statistically different, we performed an F test. This test compares the residuals derived from fitting the average ratios to two separate Hill equations with the residuals derived from fitting the ratios to a single Hill equation. A p value of Ͻ 0.01 was considered to be significant. This statistical approach does not independently test whether the significant differences were a result of a change in EC 50 values, Hill coefficients, or both. To test whether the EC 50 values of mutants were significantly different from those of wild-type P2X 2 , we studied the responses of a series of oocytes expressing mutant or wildtype receptors to sequential application of increasing concentrations of ATP. Although, as noted above, this method underestimates the true EC 50 , it has the advantage that it yields an independent estimate of the EC 50 and Hill coefficient from each oocyte and thus allowed a t test to be used to compare the mutants with the wild type. The conclusion reached from this analysis was that in all cases in which a significant difference between a mutant and the wild type was indicated by the F test, the cause was a change in the EC 50 . To avoid the confusion of having two different EC 50 values and Hill coefficients quoted in Results for each mutant, these data are not shown. However, because of these results, the asterisks and number signs indicating significant differences in Table 1 are placed in the column for EC 50 values, rather than in the column for Hill coefficients.
To compare the maximum response of each mutant in oocytes, we examined the response of oocytes injected with a saturating amount of RNA (5 ng per oocyte) after 2 d of incubation and measured the current amplitude in response to 2 mM ATP. All data shown are from the same batch of oocytes. To compare the maximum response of each mutant in H EK 293 cells, we measured the response of cells to 5 mM ATP 2 d after transfection. To control for varying transfection efficiencies between dishes and among cells, we recorded only from cells that were brightly fluorescent because of the EGFP marker that was cotransfected. As judged by eye, the intensity of the EGFP was similar for all of the mutants tested.
For experiments in which the modulation of receptors was examined, the zinc potentiation ratio reported is the ratio of the current amplitude in the presence of ATP and zinc to the amplitude in the presence of ATP alone. Similarly, the pH potentiation ratio reported is the ratio of the current amplitude in the presence of ATP at a pH of 6.5 to that at a pH of 7.5. Z inc potentiation and pH potentiation are both allosteric regulatory mechanisms that left-shift the concentration -response relationship to ATP but have little if any effect on the maximum current (Wildman et al., 1998; X iong et al., 1999) . For instance, 10 M ATP is approximately the EC 10 at a pH of 7.5 in the absence of zinc, but it is approximately the EC 80 in the presence of 20 M zinc or at a pH of 6.5 (C lyne et al., 2002) . Because the maximum response does not change, the potentiation ratio decreases as the concentration of ATP increases. To compare the magnitude of potentiation between mutants, it is therefore necessary to select a concentration of ATP that produces a small and equivalent response in the absence of the potentiating substance. In all experiments, we used a concentration of ATP that approximated the EC 10 at a pH of 7.5 with no zinc (estimated from the parameters shown in Table 1 ) as our basal condition. Student's t tests were used to determine whether population means differed, with significance taken to be p Ͻ 0.01. All data are expressed as the mean Ϯ SEM, unless otherwise specified.
RESULTS

Effect of DTT and MTSET on the response of P2X 2 receptors to ATP and zinc
As an initial test of whether P2X 2 receptors contain disulfide bonds necessary for receptor function, we examined the effects of a reducing agent, DTT, on P2X 2 receptors expressed in Xenopus oocytes. In agreement with previous reports (Li et al., 1997; Rassendren et al., 1997) , a 5-10 min incubation in 10 mM DTT had no effect on the current amplitudes of P2X 2 receptors in response to 10 M ATP (mean current amplitude after DTT was 104 Ϯ 8% of the current amplitudes before treatment; n ϭ 9) (Fig. 1 A) . Thus, P2X 2 receptors do not contain DTT-susceptible disulfide bonds that significantly affect the response to ATP. P2X 2 receptor currents are potentiated by the binding of zinc to the extracellular domain Miller et al., 1998; Wildman et al., 1998; Xiong et al., 1999) . One way that cysteines might play a role in zinc potentiation is by acting as part of the zinc-binding site. We tested this hypothesis by examining whether the sulfhydryl reagent MTSET could block zinc potentiation. Limiting the amount of desensitization was essential in these experiments, because they required repeated applications of ATP to single oocytes. We therefore used 5 M zinc, a concentration that gave submaximal potentiation but caused little desensitization (Fig. 1 B) . When 10 M ATP was used, 5 M zinc potentiated the current amplitudes of P2X 2 receptors by threefold to fivefold (mean fold potentiation, 4.01 Ϯ 0.1; n ϭ 46). Maximal potentiation was achieved with 20 M zinc (mean fold potentiation, 11.2 Ϯ 1.1; n ϭ 35), but these responses showed substantial desensitization (Fig. 2) . Zinc potentiation to 5 M ATP was not reduced after incubation in 1 mM MTSET for 5 min (Fig. 1 B) . As a positive control for the effectiveness of MTSET, we used a mutant P2X 2 receptor containing a cysteine substitution at I328. As reported previously (Rassendren et al., 1997; Egan et al., 1998; Stoop et al., 1999) , incubation in 1 mM MTSET for 5 min was sufficient to cause a 57 Ϯ 3% reduction of I328C receptor currents in response to 1 M ATP (n ϭ 6). Thus, either free cysteines are not part of the zinc binding site or MTSET cannot gain access to the zinc binding site.
A third potential role for the conserved cysteines is to form disulfide bonds essential for modulatory actions but not for the basic response to ATP. We therefore examined zinc potentiation of P2X 2 receptor currents after treatment with DTT. Exposure of P2X 2 receptors to 10 mM DTT for 5 min, followed by a 2 min wash, reduced the zinc potentiation ratio by 40% to 2.6 Ϯ 0.2 (n ϭ 8) (Fig. 1C) . Shorter wash times also reduced but never eliminated zinc potentiation (Fig. 1 D) . Because DTT has a high affinity for zinc (K d ϭ 10 Ϫ10.3 ) (Cornell and Crivaro, 1972) , the decreased potentiation to zinc immediately after DTT treatment might result from residual DTT chelating some of the zinc in the test solutions. However, the time course of recovery of zinc potentiation ( ϭ 5.2 Ϯ 1.2 min) was much slower than our bath exchange speed ( ϳ 5 sec), suggesting that some of the effects of DTT on zinc potentiation might be attributable to the disruption of one or more disulfide bonds, with the slow time course of recovery representing the time course of re-formation of these bonds. To test this idea, we added MTSET shortly after DTT treatment, because cysteines bound with MTSET cannot re-form disulfide bonds. After exposing P2X 2 receptors to 10 mM DTT for 5 min, we washed the oocytes for 1 min (so that residual DTT did not cleave MTSET from any cysteines it encountered) before exposing them to 1 mM MTSET for 5 min. We subsequently allowed for an additional minute of wash before testing for zinc potentiation to ensure that residual free MTSET did not chelate zinc. The zinc potentiation ratio of these receptors exposed to DTT and then MTSET was 77 Ϯ 5% (n ϭ 5) of the initial zinc potentiation ratio before treatment, equivalent to the percentage of recovery (77 Ϯ 3%; n ϭ 5) of receptors treated with DTT followed by a 7 min wash in bath recording solution. Thus, if the decrease in zinc potentiation after DTT treatment is attributable to disruption of a disulfide bond and recovery is attributable to re-formation of this bond, then the resulting free cysteines must be buried and inaccessible to MTSET. Perhaps a simpler explanation is that this effect of DTT does not act through changes in disulfide bonds.
Effect of cysteine mutations on the concentration-response relationships to ATP
To directly test the necessity of the 10 cysteines in the extracellular domain of P2X receptors, we constructed P2X 2 mutant receptors, each of which contained an alanine substituted for one of the 10 conserved cysteines. Nine of the 10 mutants were functional in oocytes, and all 10 were functional in HEK 293 cells. To compare the levels of expression, we studied a group of oocytes or HEK 293 cells in which all of the cells were from a single batch and all recordings were made at a fixed time (2 d after RNA injection or DNA transfection). In both expression systems, the maximum current that could be obtained from the mutant receptors in response to a high concentration of ATP was smaller than for the wild type (Table 1) . Six of the mutants (C113A, C124A, C130A, C147A, C158A, and C164A) gave cur- rents that were ϳ25% of wild type (range 11-42%) in both expression systems. One mutant (C258A) gave small currents (ϳ5% of wild type) when expressed in HEK 293 cells but somewhat larger currents (ϳ25% of wild type) when expressed in oocytes. The remaining three mutants (C214A, C224A, and C267A) gave very small or undetectable currents (Ͻ4% of wild type) in both expression systems. Indeed, for ATP concentrations up to 5 mM, we never detected any currents from oocytes expressing two independent isolates of the C224A mutation or from the more conservative C224S mutation. It should be noted that when high concentrations of RNA were used and Ͼ2 d was allowed for receptor expression in oocytes, the maximum current continued to increase beyond the amplitudes shown in Table 1 , and that for some of the oocytes illustrated in Figures 2 and 3 , the maximal currents were greater than Ϫ50 A. We decided to perform a more detailed characterization of mutant receptor properties in oocytes, because the currents from the C224A mutant were too small to perform accurate studies in either system, and the currents from the other mutants gave a better signal-to-noise ratio in the oocyte recordings. The concentration-response relationships of the nine mutant receptors characterized in oocytes (Fig. 4, Table 1 ) fell into three groups: (1) two mutations (C258A and C267A) did not significantly alter the EC 50 from that of wild type, (2) five mutations (C124A, C130A, C147A, C158A, and C214A) significantly increased the EC 50 (by ϳ12-fold), and (3) two mutations (C113A and C164A) caused a significantly larger increase in the EC 50 (ϳ25-fold) than the other seven mutations. Thus, these mutations differentially affected the response of the receptors to ATP. We subsequently examined whether these mutations also had varying effects on the modulation of receptors.
Effect of cysteine mutations on the zinc potentiation of receptor currents
The failure of MTSET to block zinc potentiation argues that cysteines are unlikely to be directly involved in binding to zinc. Even so, some of the conserved cysteines might form disulfide bonds essential for the receptor to fold into a conformation that has a proper zinc-binding site. We therefore examined the effects of the C to A mutations on zinc potentiation. As explained in Materials and Methods, it was important that the concentration of ATP used in these experiments be at approximately the EC 10 of the concentration-response relationship at a pH of 7.5 in the absence of zinc, which varied among the mutants. Because there was no need to minimize desensitization in these experiments, we used 20 M zinc, which produced maximal potentiation in wildtype P2X 2 .
Two mutations (C267A and C258A) were similar to wild type in that they showed dramatic potentiation in response to 20 M zinc. Two other mutations (C113A and C164A) gave currents that showed small but significant potentiation to zinc. The remaining cysteine mutations (C124A, C130A, C147A, C158A, and C214A) showed no zinc potentiation or slight inhibition by 20 M zinc. In wild-type P2X 2 , a separate zinc-dependent inhibitory process dominates over potentiation at higher concentrations of zinc (Clyne et al., 2002) . This inhibition of current in response to high concentrations of zinc (Ͼ100 M) was also present in the C to A mutants. Therefore, it was not possible to determine whether the zinc site associated with potentiation had been eliminated in these mutants or simply shifted to a lower affinity. It seems likely that partial occupancy of the low-affinity site for zinc inhibition in the absence of a high-affinity site for zinc potentiation accounts for the observed inhibition of current by 20 M zinc in the C124A, C130A, and C147A mutants. . Zinc-resistant mutants were significantly potentiated by acidic pH (a pH of 6.5). A, Potentiation of ATP-induced currents of single oocytes expressing wild-type and mutant receptors by acidic pH. The ATP concentration used for each mutant (ϳEC 10 ) is indicated in B and for each mutant was the same concentration as used to test zinc potentiation in Figure 2 . B, Mean potentiation of 6 -19 oocytes per construct. The pH potentiation ratio is the ratio of the current amplitude in the presence of ATP at a pH of 6.5 to the current amplitude in the presence of ATP at a pH of 7.5. The dashed line indicates no potentiation. Asterisks indicate potentiation ratios significantly different from wild type ( p Ͻ 0.01).
Effect of cysteine mutations on the pH potentiation of receptor currents
To test whether these mutations differentially disrupt the ability of P2X 2 receptors to respond to other modifiers of channel gating, we looked at the effects of extracellular pH (Fig. 3) . Lowering the pH of the extracellular solution potentiates P2X 2 receptor currents (King et al., 1996 (King et al., , 1997 Wildman et al., 1998) . In our solutions, the relationship between pH and the response of P2X 2 receptors to 10 M ATP had a p Ka of 7.0 (data not shown), which is similar to the values reported by others (King et al., 1996 (King et al., , 1997 Wildman et al., 1998) . In agreement with other reports, we also found that a very acidic pH (Յ5.5) inhibits P2X 2 receptor currents (Wildman et al., 1998) . We therefore used a pH of 6.5 for these studies, and used the same concentrations of ATP that were used to study zinc potentiation (ϳEC 10 at a pH of 7.5). In contrast to the loss of zinc potentiation in seven mutants, all nine functional mutants were significantly potentiated by an acidic pH (although C130A, C158A, and C258A showed slightly less potentiation than wild type). The ability to observe substantial pH potentiation in all mutants demonstrates that the failure to observe zinc potentiation in seven mutants was not because we chose an inappropriate concentration of ATP or had saturated our recording apparatus.
DISCUSSION
In this study, we used site-directed mutagenesis to investigate the necessity of the 10 cysteine residues in the extracellular domain of P2X 2 receptors. Because these cysteines are conserved in all known P2X receptors, we suspected that they might play an essential role in receptor function. To our great surprise, all 10 alanine-substituted cysteine mutants produced functional receptors in HEK 293 cells, and nine were functional in Xenopus oocytes. Compared with wild-type P2X 2 , the ATP concentration-response relationships of nine mutants in oocytes were either right-shifted (C113A, C124A, C130A, C147A, C158A, C164A, and C214A) or unaltered (C258A and C267A). The currents for C224A in HEK 293 cells were too small to accurately determine the EC 50 , but because no currents were seen until the ATP concentration was Ͼ200 M, the concentration-response relationship of this mutant was also greatly right-shifted.
Zinc-binding site of P2X 2 receptors is unlikely to contain cysteine residues
The first indication that the zinc-binding site lacks free cysteines is that the sulfhydryl-modifying reagent MTSET failed to block potentiation by zinc. Given the coordination chemistry of zinc binding sites, an MTSET bound to a cysteine in the binding site would be incompatible with zinc binding, so either there are no free cysteines or any free cysteines are accessible to zinc but not MTSET. The latter is not simply a formal possibility but a very real one, because we have shown recently that two histidines of P2X 2 are essential for zinc modulation, although treating these receptors with the histidyl-modifying reagent DEPC has no effect on zinc potentiation (Clyne et al., 2002) . To clarify this issue, it was necessary to examine the effects of the cysteine mutations on zinc modulation.
One might expect that mutating a residue in the zinc-binding site would eliminate zinc potentiation without altering other receptor properties greatly. Indeed, we demonstrated recently that mutating either one of two histidines (H120 and H213) gave exactly this result (Clyne et al., 2002) . However, all seven mutations that decreased or eliminated potentiation to 20 M zinc (C113, C124, C130, C147, C158, C164, and C214) caused significant increases in the EC 50 for ATP. We therefore believe that the alteration in zinc potentiation in these seven mutants is most likely secondary to more general structural changes in the mutant receptors, rather than attributable to a direct role of any of these cysteines in binding zinc.
Two mutations (C258A and C267A) had little effect on the ATP concentration-response relationships and thus may not cause as dramatic structural changes as the others. Although mutating C267 slightly increased zinc potentiation and mutating C258 slightly decreased zinc potentiation, neither mutation produced an effect similar to mutating the key histidines identified by Clyne et al. (2002) . In summary, we present evidence that none of the cysteines are likely to be involved in zinc binding.
Potential assignment of disulfide bonds to specific cysteine pairs
The 10 conserved cysteines of P2X 2 receptors have been proposed to form disulfide bonds, but this had not been tested previously. Presumably, these are intramolecular disulfide bonds, because P2X receptors can dissociate into monomers under nonreducing conditions (Nicke et al., 1998) . If we assume that the dominant effect of a cysteine mutation is caused by the disruption of a disulfide bond, then mutating the other cysteine that shares this disulfide bond should produce a receptor with similar properties. Therefore, by comparing the similarity of the mutant receptors, we can tentatively assign disulfide bonds to specific cysteine pairs. This analysis, however, requires that breaking different disulfide bonds creates discernibly different effects.
The concentration-response relationships of C113A and C164A were much more right-shifted than those of the other seven functional cysteine mutants. In addition, C113A and C164A showed small but significant potentiation by 20 M zinc, a property not shared by the other five right-shifted mutants. The amplitude of the maximal currents and the potentiation of C113A and C164A receptor currents by pH were similar to each other. On the basis of these criteria, we suggest that C113 and C164 may form a disulfide bond. Table 1. Only two cysteine mutants (C258A and C267A) had ATP concentration-response relationships similar to those of wildtype P2X 2 . Although the maximum responses of these mutants differed from each other in oocytes, both had dramatically reduced currents in HEK 293 cells. C158A and C267A were both potentiated by pH and were the only two mutants with currents potentiated more than threefold by zinc. Thus, C258 and C267 are candidates to form a second disulfide bond.
Four cysteine mutants (C124A, C130A, C147A, and C158A) were quite similar in their level of expression, EC 50 , failure to potentiate to zinc, and potentiation in response to a shift to a pH of 6.5. These four residues are excellent candidates to form two more disulfide bonds, but there is no basis on which to suggest the specific pairing.
A striking feature that C214A and C224A shared was that both gave currents much smaller than the other mutants in both expression systems. Furthermore, C214A differed from the other four mutants with moderately right-shifted concentrationresponse relationships (C124A, C130A, C147A, and C158A) in that it had an EC 50 closer to that of wild type. The currents from the C224A mutant were too small to characterize in detail in either system, but this mutant clearly had a concentration-response relationship that was substantially right-shifted. Therefore, C214 and C224 are potential candidates to form a fifth disulfide bond.
Reconciling the effects of DTT and single amino acid substitutions
The results described above suggest that disrupting any one of five disulfide bonds significantly destabilizes the receptor. If this is correct, then the finding that DTT had no effect on the ATPinduced current amplitudes of wild-type receptors in this study and others (Li et al., 1997; Rassendren et al., 1997) might be interpreted as meaning that in the mature receptor, these disulfides are inaccessible to DTT. A similar inaccessibility of DTT has been suggested for the disulfide bonds in the inwardly rectifying K ϩ channel Kir 2.1 (Cho et al., 2000) . This is also consistent with the generalization that disulfides are often accessible to reducing agents only after exposure to denaturing agents (Creighton, 1988) .
Another possibility is that the structural changes that result from disrupting the accessible disulfide bonds in the mature folded receptor are less severe than the changes that result when the receptor folds in the absence of a bond, as occurs for the mutant receptors. For example, the greatly reduced maximum response of C214A and C224A might indicate that they form a disulfide bond necessary to stabilize a folding intermediate that allows other disulfide bonds to form or other posttranslational modifications (e.g., glycosylation) to occur. Furthermore, we cannot exclude the possibility that disulfide bonds in P2X 2 receptors rearrange during protein folding and that the above cysteine pairs represent these transient disulfide bonds, which might be more critical than the final bonds of the mature receptor.
In summary, our results suggest that the 10 conserved cysteines in P2X 2 receptors have no direct role in zinc or pH potentiation but form five intramolecular disulfide bonds. By assuming that mutating either cysteine of a disulfide bond should have a similar effect on the receptor, we propose that the rat P2X 2 receptor contains disulfide bonds between C113-C164, C258 -C267, and C214 -C224 and that two additional bonds exist among C124, C130, C147, and C158 (Fig. 5) . Gratifyingly, the same cysteine pairings were recently proposed for the human P2X 1 receptor in an article published while this article was in press (Ennion and Evans, 2002) . Although these cysteine pairs may represent the cysteine pairs present during protein processing, the simplest interpretation is that these are the final cysteine pairings in the mature protein. If so, then we can now identify a number of discontinuous regions in the primary sequence of P2X receptors that are close to each other in the three-dimensional structure. In addition to the five disulfide bonds suggested here, our recent work on zinc modulation by histidines suggests that H120 and H213 both contribute to the zinc binding site and so must be close together (Clyne et al., 2002) , and the work of Jiang et al. (2000) and Ennion et al. (2000) suggests that positively charged lysine residues at positions 69, 71, and 308 bind to the phosphates of ATP. These predictions await additional tests by biochemical, biophysical, or structural approaches. The dotted box connects four cysteines that are proposed to form two additional disulfide bonds but among which we were unable to predict the pattern of pairing. The black circles indicate two histidines (120 and 213) that are suggested by Clyne et al. (2002) to form part of a site that binds zinc (Zn). The hatched circles indicate three lysines (69, 71, and 308) suggested to bind to the phosphates of ATP (asterisks) (Jiang et al., 2000; Ennion et al., 2002) . The transmembrane domains (residues F31 to V51 and I331 to L353) are represented as cylinders, all other amino acids are indicated as gray circles, and the three N-glycosylation sites of P2X 2 are shown as Y shapes.
